Introduction {#S0001}
============

Obesity is a result of excessive food intake and/or insufficient energy expenditure. Obesity can be measured by the means of body mass index (BMI), which is defined as the ratio of weight to height. People with a BMI of 30 kg/m^2^ and higher are categorized as obese.[@CIT0001],[@CIT0002] Obesity has been known to be one of the risk factors of adverse metabolic effects on blood pressure, cholesterol, triglycerides (TGs), and insulin resistance which eventually may lead to cardiovascular diseases and diabetes.[@CIT0003] The risks of heart attack, atherosclerosis, cancer, stroke, and type 2 diabetes mellitus have been known to be increased steadily along with increased BMI. To date, obesity has become a global epidemic issue particularly in developed countries.[@CIT0002],[@CIT0004]

Obesity can be characterized by an excess body fat accumulation as a consequence of the imbalance between lipogenesis and lipolysis which may further lead to lipotoxicity and alteration in metabolic pathways in both adipose tissue and peripheral organs, such as liver, heart, pancreas, and muscle.[@CIT0005] The cellular characteristics of adipose tissue mass in obesity include cellular hyperplasia (increased cell number) and hypertrophy (increased size of cells). Adipose cells are recognized as the critical regulators of whole-body metabolism and known to be involved in the pathogenesis of metabolic diseases. Differentiation of pre-adipose cell, which is known as adipogenesis, results in the formation of adipose tissue.[@CIT0006],[@CIT0007]

Medication that is intended for weight loss is often associated with several adverse effects and weight gain rebound when the use of medication is discontinued.[@CIT0008] Therefore, the use of herbal supplements to alter obesity condition has become popular due to its lower side effects. Various medicinal plants, such as blueberry peel extract[@CIT0009] and green tea extracts[@CIT0010] have been proved to reduce high-fat diet-induced obesity. Our previous researches have been conducted in investigating the molecular activities and mechanisms of various herbals,[@CIT0011]--[@CIT0014] which also revealed the potential molecular activities of *Lagerstroemia speciosa*. DLBS3733 is a bioactive fraction (BAF) derived from *L. speciosa* leaves produced by Dexa Laboratories of Biomolecular Sciences (DLBS), Dexa Medica, Indonesia. *L. speciosa* is a common tropical plant grown in Philippines, Malaysia, Vietnam, and other Southeast Asia countries which also include Indonesia. This plant can grow up to 20-m high and locally known as banaba.[@CIT0015] The study on banaba as an antidiabetic agent has extensively been done. In addition, banaba has commonly been used for the treatment of diabetes.[@CIT0016]--[@CIT0018] Judy et al, reported that Glucasol^TM^, a standardized banaba extract, is used as an antidiabetic drug by increasing glucose uptake activity.[@CIT0017] Likewise, our previous results found that the combination of *L. speciosa* and *Cinnamomum burmannii* extracts was able to increase insulin signaling and sensitivity.[@CIT0019] Liu et al, have also demonstrated that the extract of *L. speciosa* increased glucose uptake through the induction of *GLUT4* activity.[@CIT0016] Furthermore, *L. speciosa* can also inhibit adipogenesis, as shown by decreased *PPARγ2* expression on samples treated with *L. speciosa* extract which has been known to prevent obesity. Diabetes and obesity are intrinsically linked, where obesity has been known to increase the risk of diabetes and insulin resistance. The activity of *L. speciosa* extract to alleviate obesity condition in vivo has previously been studied by Suzuki et al[@CIT0020]. In this study, mice administered with banaba extract for 12 weeks exhibited a lower body weight as compared to placebo.

In the present study, the effect of DLBS3733 and its mechanism of action were investigated in differentiated mouse 3T3-L1 adipocytes, a basic cell model to assess adipogenesis and adipocyte metabolism in vitro. This study mainly focused on the effect of DLBS3733 on adipogenesis, lipogenesis, and lipolysis in vitro using 3T3-L1 preadipocyte cells and the differentiated 3T3-L1 adipocyte cells, and further investigated the related molecular mechanisms. This study was done by measuring the viability and accumulation of fat droplets in the treated cells, as well as measuring major adipogenic transcriptional factors in adipogenesis pathways which include *PPARγ* and *C/EBPα* gene expressions. Lipogenesis pathway was studied by measuring *FASn*, *SREBP-1*, and *ACC-β* gene expressions. Furthermore, lipolysis pathway was observed by measuring *ATGL*, *HSL*, and *CPT-1* gene or protein expressions.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

The chemicals and solvents used to prepare DLBS3733 were purchased from Merck (Darmstadt, Germany). Ellagic acid reference standard was purchased from ChromaDex (Irvine, USA).

DLBS3733 preparation {#S0002-S2002}
--------------------

DLBS3733 is a BAF derived from the aqueous extract of *L. speciosa* leaves, which was obtained from Temanggung, Central Java, Indonesia. This plant has been identified by Herbarium Bogoriense, Research Center of Biology, Indonesian Institute of Sciences with certificate No. 1261/IPH.1.02/If.8/XII/2009. The dried cut of *L. speciosa* leaves was macerated in water with a ratio of 1:12 w/v at 70°C for 2 hrs, followed by filtration. The filtrate was concentrated under low pressure at 60°C using rotary evaporator (Büchi, Flawil, Switzerland). The concentrate was then dried in a conventional oven at 70°C for 24 hrs and stored in a well-closed container at 25--30°C.

The identification of DLBS3733 was done by thin layer chromatography (TLC) with Silica Gel 60 F~254~ plate (Merck, Darmstadt, Germany) as the stationary phase and the mixture of toluene-ethyl acetate-formic acid-methanol (30:30:8:4, v/v) as the mobile phase. The eluent was allowed to move along the TLC plate for a distance of 8 cm. The chromatogram was then observed under UV λ 254 and 366 nm with *R*f 0.5--0.6 as a black band without derivatization (Camag, Muttenz, Switzerland). Ellagic acid in DLBS3733 was quantified using high-pressure liquid chromatography, Waters® (Milford, USA) under UV λ 280 nm with Symmetry C18 (Merck, Darmstadt, Germany), 5 µm 4.6×250 mm as the column and acetonitrile-0.1% phosphoric acid in water (v/v) as the mobile phase. Elution system was isocratic with 25% of acetonitrile and 75% of 0.1% phosphoric acid in water (v/v). The content of the marker compound in DLBS3733 was not less than 1%.

Cell culture and differentiation {#S0002-S2003}
--------------------------------

The pre-adipocyte *Mus musculus* cell line 3T3-L1 (ATCC® CL-173™) was purchased from American Type Culture Collection (Rockville, MD, USA). 3T3-L1 cells, which are commonly used for the study of adipogenesis and obesity-related characteristics, were cultured in DMEM supplemented with 10% bovine serum and 1% penicillin/streptomycin (Gibco, Grand Island, USA). In a six-well plate, adipocyte differentiation was initiated with 0.5 mM 3-isobutyl-1-methylxanthine, 1 mM dexamethasone and 20 µg/mL insulin (Sigma, MO, USA) added in culture medium for 48 hrs. Subsequently, the differentiation medium was replaced with culture medium supplemented with 20 µg/mL insulin. There were four different 3T3-L1 stages used in this study: pre-adipose cell (undifferentiated 3T3-L1 cell), early adipose cell (differentiated 3T3-L1 cell into adipocyte cell for 3 days), mature adipose cell (maturated early adipose cell for 10 days), and advanced adipose cell (maturated early adipose cell for 20 days, fully differentiated adipose cell).

Cytotoxicity assay {#S0002-S2004}
------------------

3T3-L1 cells were cultured in 96-well plate until confluent (80%) using culture medium (DMEM, 10% BS, 1% *p*/s). The medium was then replaced with a free-serum medium for 24 hrs, continued by 24 hrs of incubation with various concentrations of DLBS3733 (25, 50, and 100 µg/mL). Cell viability was observed using CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay Reagents (Promega, Fitchburg, WI, USA) according to the manufacturer's protocol.

mRNA isolation and gene expression study {#S0002-S2005}
----------------------------------------

The following genes, ie, *PPARγ*, *C/EBP-α*, *Adiponectin*, *ACC-β*, *FASn*, *SREBF*, were suggested to be involved in adipogenesis and lipogenesis. Total mRNA was isolated using RiboEx reagent (GeneAll, Seoul, Korea), and mRNA concentration was quantified using NanoDrop 2000c spectrophotometer (Thermo Scientific, Waltham, MA, USA). Reverse transcription of total mRNA (1 µg) was done using GoScript reagent (Promega, Fitchburg, WI, USA). Gene expression study was carried out using gene-specific primers ([Table 1](#T0001){ref-type="table"}). Gene amplification was done using PCR, GoTaq (Promega, Fitchburg, WI, USA) or real-time PCR, SsoFast^TM^ EvaGreen® Supermix (Biorad, Hercules, California, USA). PCR and qPCR were performed using T3000 Thermocycler (Biometra, Göttingen, German) and Mini Opticon MJ Mini^TM^ (Biorad, Hercules, California, USA), respectively. Table 1Gene-specific primersGeneSequence*PPAR-γ*Forward: 5ʹ-TTCTCAAGGGTGCCAGTTTC-3ʹ\
Reverse: 5ʹ-AATCCTTGGCCCTCTGAGAT-3ʹ*C/EBP-α*Forward: 5ʹ-GAGTCGGCCGACTTCTACCAG-3ʹ\
Reverse: 5ʹ-AAAGCCAAAGGCGGCGT-3ʹ*Adiponectin*Forward: 5ʹ-GTTGCAAGCTCTCCTGTTCC-3ʹ\
Reverse: 5ʹ-TCTCCAGGAGTGCCATCTCT-3ʹ*ACC-β*Forward: 5ʹ-CTTGATGCCGCCGTAAATC-3ʹ\
Reverse: 5ʹ-ACCGAGAGCTTCCAGAACAA-3ʹ*FASn*Forward: 5ʹ-AGGATCTCTCCAAGTTCGACG-3ʹ\
Reverse: 5ʹ-ATACCTCCATCCACAATTGCT-3ʹ*SREBF*Forward: 5ʹ-GACACCTGCACCCTTGTCCC-3ʹ\
Reverse: 5ʹ-GCACTGGCTCCTCTTTGATCC-3ʹ

pAMPK protein expression assay {#S0002-S2006}
------------------------------

pAMPK and CPT-1 proteins were suggested to be involved in the activation of the AMPK pathway. Total protein was isolated using RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 0.5% SDS, 1% NP-40, 2 mM EDTA and 1x protease inhibitor) and measured using Lowry method. The pAMPK and CPT-1 protein expression were observed using pAMPK ELISA kit (Abcam, Cambridge, UK) and CPT-1 ELISA kit (Cusabio, Wuhan, China). All experiments were done according to the manufacturer's protocol.

Oil-red O (ORO) assay {#S0002-S2007}
---------------------

ORO assay was performed to evaluate the fat droplet amount within adipose cell. 3T3-L1 cells that have been differentiated to adipose cell were stained with ORO dye (Sigma, MO, USA). ORO was diluted with ddH~2~O 3:2, mixed and incubated at room temperature for 20 mins. After incubation, ORO was filtered with a 0.2 µm filter membrane. Cells were fixated using 10% formalin in PBS (Sigma, MO, USA) for 1 hr and subsequently washed with 60% isopropanol (Sigma, MO, USA). Furthermore, ORO was applied to the cells for 10 mins and then washed using ddH~2~O and allowed to dry at room temperature. The fat droplets were stained red. ORO retentions were extracted using 60% isopropanol for 10 mins and quantified using spectrophotometer at 520 nm.

Statistical analysis {#S0002-S2008}
--------------------

The data were presented as the mean of at least two replicates experiments and standard error (SE) of mean. Significant differences between experimental values were determined using student unpaired *t*-test (Abacus Concepts, Piscataway, USA) with *p*\<0.05 considered as significant.

High-performance liquid chromatography (HPLC) conditions {#S0002-S2009}
--------------------------------------------------------

Chromatographic analysis was performed using a Waters HPLC system equipped with an Alliance e2695 separation module, an autosampler injector, and a 2489 UV detector. Chromatographic data were processed by Empower 3 software. Chromatographic separation was achieved using Waters SunFire -- C18 column (250 mm ⨰ 4.6 mm i.d., 5 um) with the mobile phase consisted of methanol and 0.2% phosphoric acid at a flow rate of 1.0 ml/min. Separation was carried out under the condition of gradient elution for 30 mins run time. Detection was set at 254 nm with 20 µL injection volume. The retention time of ellagic acid was approximately 11 mins under this chromatographic condition.

Results {#S0003}
=======

Effect of DLBS3733 on 3T3-L1 cells viability {#S0003-S2001}
--------------------------------------------

In vitro toxicity of DLBS3733 using 3T3-L1 preadipocytes did not show any significant effect on 3T3-L1 cell viability at concentrations up to 50 μg/mL. At all concentrations studied, the extension of inhibition did not exceed the IC~50~ ([Figure 1](#F0001){ref-type="fig"}). These results indicate that the use of DLBS3733 at concentrations below 50 µg/mL is considered as safe.Figure 1The effect of DLBS3733 on preadipocytes viability. Values are presented as mean ± SD. The data shown are representative of at least two independent experiments.

Effect of DLBS3733 on phosphorylation of AMPK in preadipocytes {#S0003-S2002}
--------------------------------------------------------------

AMP-activated protein kinase (AMPK) is an important regulator of sugar and fat metabolism. In this experiment, the expression of pAMPK protein was upregulated by 69% and 75% following DLBS3733 treatment at concentrations of 7.5 and 15 µg/mL, respectively. These results indicate the stimulatory effect of DLBS3733 in AMPK phosphorylation. Furthermore, it was observed that DLBS3733 downregulated *ACC-β* gene expression ([Figure 2](#F0002){ref-type="fig"}). *ACC-β* gene expression was downregulated by 75% and 88% following DLBS3733 treatment at concentrations of 7.5 and 15 µg/mL, respectively. The downregulation of *ACC-β* gene expressions may also decrease the level of Malonyl CoA and may further increase *CPT-1* with the consequence of fatty acid oxidation. However, AMPK pathway activation by DLBS3733 was only observed in 3T3-L1 preadipocytes ([Figure 2](#F0002){ref-type="fig"}).Figure 2Treatment of 3T3-L1 preadipocytes with DLBS3733 (**A**) increased phosphorylation of Activated Protein Kinase (pAMPK) and (**B**) decreased *ACC-β* gene expression. AMPK phosphorylation was detected using ELISA kit (Abcam, Cambridge, UK) while *ACC-β* gene expression was detected using PCR. Values are expressed as mean ± SE of two independent experiments (\**p*\<0.05, compared to control).

Effect of DLBS3733 on adipogenesis inhibition {#S0003-S2003}
---------------------------------------------

Adipogenesis is one of the key pathways that increase the mass of adipose tissue. To investigate the effect of DLBS3733 on adipogenesis inhibition, 3T3-L1 cells were differentiated into adipocytes for 3 days and DLBS3733 was added during the differentiation process. In ORO staining assay, the differentiation of preadipocytes into adipocytes is associated with an increased number of ORO-stained cells due to lipid accumulation. Adipogenic transcription factors, such as CCAAT/enhancer binding protein-beta (*C/EBPβ*), nuclear receptor peroxisome proliferator-activated receptor gamma (*PPARγ*), and CCAAT/enhancer binding protein-alpha (*C/EBPα*), play a key role in the complex transcriptional cascade that occurs during adipogenesis.[@CIT0021] The secretion of adiponectin was steadily increased during adipogenesis.

The antiadipogenic effect of DLBS3733 in 3T3-L1 cells was analyzed by measuring the expression of differentiation markers which include *PPARγ*, *C/EBP-α*, and *adiponectin*. As shown in [Figure 3](#F0003){ref-type="fig"}, adipogenesis gene expressions in early adipocyte sample were significantly higher than the preadipocytes. *PPARγ*, *C/EBP-α*, and adiponectin gene expressions levels in early adipocytes were increased by 1.43-, 1.26- and 4.16-fold compared to preadipocytes, respectively. These results indicate that adipogenesis in preadipocytes was increased. Meanwhile, the addition of DLBS3733 at concentrations of 7.5 and 15 µg/mL during cell differentiation reduced the mRNA levels of *PPARγ*, *C/EBPα* and *adiponectin* ([Figure 3](#F0003){ref-type="fig"}) by 46.9%, 45.2%, 83.2% and 60.1%, 90.5%, 75%, respectively, as compared to early adipocytes as the control. The downregulation of *PPAR-γ* and *C/EBP-α* gene expressions occurred in a dose-dependent manner.Figure 3DLBS3733 inhibited the adipogenesis of preadipocytes by downregulating adipogenesis gene markers expression. (**A**) The 3T3-L1 preadipocytes were differentiated into adipocyte for 3 days in differentiation media without and with DLBS3733 (7.5 and 15 µg/mL). The gene expression analysis was performed by PCR or qPCR, and all gene transcripts were normalized using β-actin as the control. Early adipocytes were used as control. DLBS3733 was found to downregulate the levels of (**B**) Adiponectin (**C**) C/EBP-α and (**D** and **E**) PPAR-γ. In preadipocytes, 3T3-L1 preadipocytes treated with vehicles were used as negative control. Values are expressed as mean ± SE of two independent experiments (\**p*\<0.05, compared to preadipocytes or early adipocytes).

Comparison of DLBS3733 effect on lipogenesis and lipolysis {#S0003-S2004}
----------------------------------------------------------

Four different 3T3-L1 cells were used in this study, which include preadipocytes, early adipocytes, mature adipocytes, and advanced adipocytes. Fat droplet was one of the parameters observed, which can be the hallmark of DLBS3733 activity on lipogenesis and lipolysis. Fat droplets accumulation was increased during preadipocytes differentiation to advanced adipocytes which takes 23 days to generate mature advanced adipocytes. During this period, the highest fat droplets accumulation was found. In this study, fat droplets profile for each 3T3-L1 stage was observed ([Figure 4A](#F0004){ref-type="fig"}) using ORO staining to measure fat droplets accumulation. As seen in [Figure 4A](#F0004){ref-type="fig"}, fat droplets accumulation levels were 1.0-, 0.8-, 4.1- and 11.7-fold for preadipocytes, early adipocytes, mature adipocytes, and advanced adipocytes, respectively. Preadipocytes were used as control samples.Figure 4Effect of DLBS3733 treatment on adipocytes differentiation. (**A**) Fat droplets profile for each 3T3-L1 stage, preadipocytes considered as control samples. (**B**) 13 days post-confluent differentiated 3T3-L1 adipocytes, maintained in a medium with the absence or presence of DLBS3733 (15 µg/mL) for 10 days vs (**C**) 23 days post-confluent differentiated 3T3-L1 adipocytes, maintained in a medium with the absence or presence of DLBS3733 (15 µg/mL) for 24 hrs, advanced adipocytes considered as control samples. ORO staining was performed to measure the fat droplets after incubation. DLBS3733 reduced fat droplets during adipocytes differentiation (mature adipocytes) but not in advanced adipocytes which indicates that DLBS3733 acts through lipogenesis inhibition, not lipolysis inhibition. Values are expressed as mean ± SE of two independent experiments (\**p*\<0.05, compared to preadipocytes or advanced adipocytes).

The effect of DLBS3733 on lipogenesis and lipolysis in 3T3-L1 cells was measured by calculating the fat droplets of ORO-stained cells. To investigate the effects of DLBS3733 on the inhibition of lipogenesis, 3T3-L1 preadipocytes were differentiated into adipocytes for 3 days. Early adipocytes were then maintained in a medium containing insulin for 10 days, continued by medium containing insulin with the presence or absence of DLBS3733 at concentrations of 7.5 and 15 µg/mL for 10 days. In the absence of DLBS3733, early adipocytes were differentiated to advanced adipocytes after 23 days which was marked by an increased fat droplets accumulation. Conversely, DLBS3733 treatment during the maturation period successfully decreased fat droplet level by 15.4% ([Figure 4B](#F0004){ref-type="fig"}). This result indicates the lipogenesis inhibitory effect of DLBS3733.

In addition, the effect of DLBS3733 on lipolysis was also investigated using a similar protocol as described previously. In this observation, DLBS3733 treatment was done on day 23 for 24 hrs. As shown in [Figure 4C](#F0004){ref-type="fig"}, DLBS3733 treatment did not affect fat droplet level which indicates that DLBS3733 might not possess bioactivity on lipolysis induction.

Effect of DLBS3733 on lipogenic-related genes {#S0003-S2005}
---------------------------------------------

The maturation of adipose cells is interpreted by the accumulation of lipid droplets. It has also been known that fat cells reached size fluctuations under insulin stimulation. Lipid droplets synthesis, which is known as lipogenesis, and lipid accumulation were increased during cell maturation. To investigate the effects of DLBS3733 in the inhibition of lipogenesis in 3T3-L1 preadipocytes, cells were differentiated into adipocytes for 3 days. Afterwards, the early adipocyte cells were maintained in a medium containing insulin with the presence or absence of DLBS3733 (7.5 and 15 µg/mL) for the next 10 days with medium exchange every 2--3 days. To quantify the effect of DLBS3733 on major lipogenic transcriptional factor expressions in 3T3-L1 cells, ORO staining assay and PCR analysis were conducted. ORO dye was used to stain the fat droplets on day 13.

The anti-lipogenic effect of DLBS3733 in 3T3-L1 cells was measured by calculating the fat droplets of ORO-stained cells, as well as measuring the expression of lipogenic markers which include *SREBP*, *FASn*, and *ACC-β*. As seen in [Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}, higher fat droplets by 2.12-fold were observed in mature adipocyte as compared to preadipocytes as the control samples. This indicates that lipogenesis occurred during maturation. In other words, the fat droplets were developed more in adipocytes during maturation.Figure 5Effect of DLBS3733 treatment on mature adipocytes cells. The 13 days post-confluent differentiated 3T3-L1 adipocytes were maintained in a medium with the absence or presence of DLBS3733 (7.5 and 15 µg/mL) (**A**) DLBS3733-treated cells exhibited less red stain compared to the normal mature adipocytes. (**B**) DLBS3733 reduced fat droplets in differentiated 3T3-L1 cells. Gene expression analysis was performed by PCR or qPCR, and all gene transcripts were normalized using β-actin as the control. Mature adipocytes samples were used as control. DLBS3733 downregulated the gene expressions of (**C and D**) *ACC-β*, (**E**) *SREBP* and (**F**) *FASn*. Values are expressed as mean ± SE of two independent experiments; \**p*\<0.05, compared to preadipocytes or mature adipocytes.

Early adipose treated with DLBS3733 at concentrations of 7.5 and 15 µg/mL showed fewer fat droplets as compared to the normal mature adipocytes as the control by 22.6% and 31.1%, respectively. It suggests that DLBS3733 treatment during adipogenesis and maturation successfully inhibited fat droplets synthesis ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}). During adipogenesis and maturation, the lipogenic genes expressions were significantly increased by 1.66-, 1.23-, and 1.41-fold for *ACC-β*, *FASn* and *SREBP* genes, respectively, as compared to preadipocytes which indicate that lipogenesis occurred during the maturation process. Meanwhile, DLBS3733 treatment at concentrations of 7.5 and 15 µg/mL, respectively, reduced the mRNA expression of lipogenic-specific genes which include *ACC-β* (6.02% and 83.1%), *SREBP-1* (37.6% and 70.91%) and *FASn* (36.6% and 44.7%), in a dose-dependent manner ([Figure 5C](#F0005){ref-type="fig"}--F). Mature adipocytes were used as control samples. Based on ORO staining assay and lipogenesis gene markers assays, we suggest that DLBS3733 exhibited lipogenesis inhibitory effect.

Effect of DLBS3733 on lipolysis-related genes {#S0003-S2006}
---------------------------------------------

Lipolysis is the process of lipid breakdown, which is the important key process of weight loss. Adipose triglyceride lipase (ATGL) is the rate-limiting enzyme of lipolysis in adipocytes. Other important lipase that involved in catalyzing lipolysis is hormone-sensitive lipase (HSL), which is implicated in hormonal regulation by insulin. mRNA expressions of lipolysis enzymes (HSL and ATGL) were increased during adipogenesis and maturation, which also resulted in an increased fat droplets accumulation ([Figure 6](#F0006){ref-type="fig"}). Surprisingly, DLBS3733-treated cells have significantly resulted in decreased HSL and ATGL mRNA expressions during cell maturation.Figure 6Effect of DLBS3733 treatment on advanced adipocytes. Twenty-three days post-confluent differentiated 3T3-L1 adipocytes were maintained in a medium with the absence or presence of DLBS3733 (7.5 and 15 µg/mL). (**A**) ORO staining was performed on day 23, (**B**) DLBS3733 reduced fat droplets in advanced 3T3-L1 cells. Advanced adipocytes were used as control. Gene expression analysis was performed by PCR or qPCR, and all gene transcripts were normalized using β-actin as the control. *ATGL* (**C**) and *HSL* (**D**) gene expressions, and CPT-1 (**E**) protein expressions were increased during adipocytes maturation, while treatment with DLBS3733 downregulated the gene and protein expressions. Values are expressed as mean ± SE of two independent experiments; \**p*\<0.05, compared to preadipocytes.

*ATGL*and *HSL* gene expressions were found to be increased in mature and advanced adipocytes. Preadipocytes were used as the control samples. As shown in [Figure 6](#F0006){ref-type="fig"}, *ATGL* gene expressions in advanced adipocytes were upregulated by 52%. However, increased gene expressions were not detected in advanced adipose treated with DLBS3733. *ATGL* and *HSL* gene expressions were downregulated by 6.6% and 43% in a dose-dependent manner after DLBS3733 treatment at a concentration of 7.5 μg/mL and 31.6% and 64.5% reduction after treated with higher concentration (15 µg/mL) ([Figure 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}), respectively. These results indicate that lipolysis was likely not occurred due to DLBS3733 treatment. In addition to the genes, *CPT-1*, a protein which plays a major role in the β-oxidation process, was also observed and showed consistent results in *ATGL* and *HSL* gene expressions. *CPT-1* protein level in advanced adipose cells was increased by 26.5% compared to preadipocytes, and decreased to 9.4% and 23.8% compared to advanced adipocytes after DLBS3733 treatment at concentrations of 7.5 and 15 μg/mL, respectively. This study indicates that DLBS3733 affected lipogenesis and exhibited no effect on lipolysis and β-oxidation. Fat droplets were accumulated more from pre-adipose to advanced adipose, and lipolysis may further be initiated, and its activity was increased from pre-adipose to advanced adipose. However, when the DLBS3733 was introduced, lipogenesis and lipolysis activities were restrained. Therefore, the markers of lipolysis and β-oxidation were decreased ([Figure 6C](#F0006){ref-type="fig"}--[E](#F0006){ref-type="fig"}).

Discussion {#S0004}
==========

Adipocytes differentiation and fat accumulation are associated with the development and occurrence of obesity. Adipose tissue consists of preadipocytes and mature adipocytes. Preadipocytes possess the ability to propagate and differentiate into mature adipocytes, where the number of mature adipocytes determines the number of fat cells that exists in an organism throughout its lifespan.[@CIT0022] Changes in preadipocyte cells to mature adipocytes require time and certain stages of development. Therefore, the analysis in the study was carried out at several time points to represent the stages of fat droplet development and gene expression changes in 3T3-L1 cells from preadipocytes to mature adipocytes. The differentiation process of adipocyte is known as adipogenesis, which is induced by *C/EBP-α* and *PPARγ* genes.[@CIT0023],[@CIT0024] Following adipocytes differentiation, the cell signal adipokines may be secreted by adipose tissue. Reduction of adipose tissue has recently been proposed to be a potential candidate in body weight management. Based on the results of the present study, DLBS3733 exhibited its ability to inhibit adipogenesis, as confirmed by the reduction of adipogenesis-related genes which include *PPARγ*, *C/EBP-α*, and *adiponectin*. *PPARγ* and *C/EBPα* have been known to play major roles in adipogenesis.[@CIT0025],[@CIT0026] In addition, other study on the extract of olive seeds also showed a similar mechanism of this activity, where it exhibited antiadipogenic activity by reducing the expression of *PPARγ*.[@CIT0027] Meanwhile, adiponectin is one of the adipokines that is secreted by adipocytes during differentiation.[@CIT0028],[@CIT0029] Liu et al, reported that decreased *PPARγ* expression did not occur by the presence of insulin in the adipogenesis induction process.[@CIT0016] In this study, insulin was a part of adipogenesis induction medium. The presence of DLBS3733 was found to down-regulate *PPARγ* expression, which further showed the ability of DLBS3733 to decrease *PPARγ* expression by the presence of insulin in induction media. Since the expansion of adipose tissue is the root cause of obesity, inhibition of adipogenesis may become a potential option to reduce obesity.

Differentiated adipocytes store fatty acids in the cytoplasm in the form of TGs by the involvement of various enzymes such as fatty acid synthase (FASn) and acetyl-coenzyme A (acetyl-CoA) carboxylase (ACC-β). Glucose induces ACC-β enzyme expression that stimulates insulin secretion to promote lipogenesis as the synthesis of fatty acid from acetyl-CoA and TG biosynthesis. ACC-β is also known as the rate-limiting enzyme of lipogenesis that catalyzes the carboxylation of acetyl-CoA to produce malonyl-CoA. Fatty acids are synthesized from malonyl-CoA through the processes catalyzed by FASn and stearoylcoenzyme A desaturase-1 (SCD-1). Suppression of genes involved in the fatty acid synthesis, such as *ACC-β*, *FAS*, and *SCD-1*, leads to the reduction of adipocyte TG synthesis and accumulation.[@CIT0030] Excessive lipids accumulation is recognized as the risk factor for the development of obesity. Several factors have been known to regulate lipogenesis pathway. Insulin induces sterol regulatory element-binding protein 1 (*SREBP-1*) gene expression, which is a lipogenic gene and major transcriptional regulator of cholesterol, fatty acid, and TG synthesis. In fatty acid synthesis, FASn acts as the key enzyme involved in long-chain saturated fatty acid synthesis.[@CIT0031]--[@CIT0033] We demonstrate a positive result of DLBS3733 as a potential natural anti-obesity agent through the reduction of fat droplets accumulation, as well as the downregulation of lipogenic genes expression which include *ACC-β*, *FASn*, and *SREBP-1*.

Several studies have shown that FASn can be a potential target in reducing obesity. Study conducted by Berndt et al,[@CIT0034] suggested an allegation that increased FASn expression may be directly related to the occurrence of obesity and type 2 diabetes, while in other study, administration of FASn inhibitors (C75 and cerulenin) led to weight loss.[@CIT0035] Loftus et al, stated that the administration of FASn inhibitors in mice was thought to affect food intake.[@CIT0036] However, it was suspected that there was another mechanism, as some mice that tolerate the inhibitors still experience weight loss. Energy expenditure was thought to be the other mechanism underlying this condition.[@CIT0037] Our result suggests that DLBS3733 tends to decrease *FASn* expression; therefore, it may possess a similar effect to FASn inhibitors C75 and cerulenin.

In addition, obesity can also be reduced by decreasing adipogenesis and/or lipid synthesis (lipogenesis) and/or increasing lipid breakdown (lipolysis). Lipolysis is a catabolic pathway that promotes the mobilization of metabolic fuel from adipose to peripheral tissues as the response to appropriate energy demands. AMPK is considered as the main sensor that maintains energy homeostasis.[@CIT0038],[@CIT0039] This protein is expressed ubiquitously and has a major role in fatty acid and glucose metabolisms. The activation of AMPK can lead to ACC-β inhibition activity through the phosphorylation or down-regulation of *ACC-β* gene expression. This inhibition may result in the suppression of carnitine palmitoyl-CoA transferase-1 (CPT-1) which further leads to increased fatty acid oxidation.[@CIT0040]--[@CIT0043] Gaidhu et al, reported that mice treated with AICAR, an AMPK activator, with chronic doses showed a decreased adipose cells count and increased number of mitochondria.[@CIT0044]

In this study, we also observed AMPK activation in 3T3-L1 preadipocytes with DLBS3733 treatment which showed an increased phosphorylated AMPK protein. Down-regulation of *ACC-β* gene expression was also observed but not related to AMPK activation (data not shown). This phenomenon seems to be relevant to lipogenesis inhibition, thus we suggest that DLBS3733 may only be effective as an AMPK activator of preadipocytes. Further studies are required to confirm its activities on AMPK.

Another strategy to induce weight loss can be achieved by increasing lipid breakdown which includes β-oxidation or lipolysis. CPT-1 is known as a rate-limiting enzyme for β-oxidation, hence, it was frequently considered as one of the important markers of lipid degradation. Results showed that DLBS3733 treatment exhibited no effect on lipolysis enzyme (HSL and ATGL). ATGL initiates lipolysis by specifically removing free fatty acids to produce a diacylglycerol, which is then hydrolyzed by HSL.[@CIT0045] Interestingly, DLBS3733 decreased HSL and ATGL mRNA levels and CPT-1 protein level, indicating that lipogenesis, but not lipolysis, were occurred during maturation which indicates that fat droplets were decreased but lipolysis enzyme did not increase. To re-confirm the effect of DLBS3733 on lipolysis, advanced adipocyte 3T3-L1 (fully differentiated adipocytes) were treated with DLBS3733. Furthermore, after 24 hrs of incubation, result showed no fat droplet reduction was found. This result confirmed that DLBS3733 did not induce lipolysis. However, it is important to note that lipolysis is a responsive process in which it requires any trigger or signal, such as physical exercise and lower energy state, which is difficult to assess in an in vitro models. The effect of downregulated *HSL* and *ATGL* gene expressions in DLBS3733-treated samples may require further research. The downregulation may possibly due to the stronger effect of lipogenesis caused by DLBS3733, which is enough to decrease the fat droplet and finally impacts HSL and ATGL metabolisms.

DLBS3733 possesses good potential in this study. However, the BAF itself is not a single compound. The chromatogram showed 11.063% of ellagic acid compounds in DLBS3733 ([Figure 7](#F0007){ref-type="fig"}). Ellagic acid is a naturally occurring substance that is commonly found in strawberries, raspberries, blackberries, cherries, and walnuts. Panchal et al, reported that rats induced with metabolic syndrome were attenuated by ellagic acid trough normalization of protein levels of Nrf2, NF-κB and CPT1.[@CIT0046] Further research on DLBS3733 is still required.Figure 7Chromatogram of DLBS3733, ellagic acid was detected for 11.063%.

Conclusion {#S0005}
==========

In conclusion, DLBS3733 exhibited the ability to suppress fat accumulation by inhibiting the process of adipogenesis and lipogenesis. Both activities are useful in preventing the formation of body fat or the fat itself. Therefore, DLBS3733 may become a potential option to reduce body fat and may further use to control obesity in the future.
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